An efficient and reproducible protocol for plant regeneration from protoplasts has been developed in two Coriandrum sativum varieties -Co-1 and Rajendraswathi (RS). The RS coriander is rich in oil and shows resistance to diseases whereas Co-1 is known for better yield. In the present study, protoplast isolation -the first step of fusion was undertaken in cotyledon-derived embryogenic cell suspensions by using enzymatic solutions of different concentrations. Digestion with 2% cellulase Onozuka R-10, 1% pectinase and 0.2% macerozyme R-10 showed the maximum yield of protoplasts (4.60 × 10 6 /g of callus) when mannitol was added as the osmoticum. The cell division and plating efficiency, however, varied with the different levels of plant growth regulators (PGRs) used. In a liquid medium amended with 0.2 mg/l α-naphthalene acetic acid (NAA) and 0.2 mg/l 6-benzyladenine (BA), protoplasts showed a higher plating efficiency (6.2% in Co-1 and 5.4% in RS) compared to other PGR treatments. On a 2,4-dichlorophenoxy acetic acid (2,4-D)-supplemented medium, cells divided fast, produced micro-colonies, and formed the callus on which a heterogeneous mixture of somatic embryos was produced in both the varieties tested. The maximum number of somatic embryos was produced (47/callus mass) in a medium to which 1 mg/l 2,4-D was added. On a BA and gibberellic acid (GA 3 )-supplemented medium,somatic embryos germinated into plantlets, and the maximum germination frequency (81%)was noted in a medium to which1 mg/l BA and 0.5 mg/l GA 3 was added. A successful somatic embryo-mediated plant regeneration was achieved from protoplasts in both coriander varieties, and the regenerated plants were morphologically similar to mother plants. The whole process of "protoplast to plant recovery", enzymatic mixtures, osmotic condition, and role of PGRs are discussed in this article.
Introduction
Coriandrum sativum L. is a perennial herb from the Apiaceae family. The plant is cultivated both as a spice and as a medicinal plant. The seeds and green parts of the plant are used as flavoring agents because they contain essential oils. C. sativum has important medicinal applications that have antidiabetic (Eidi et al., 2009) , antibacterial (Duarte et al., 2012) , antifungal , hepatoprotective (Samojlik et al., 2010) , and antioxidant activities (Darughe et al., 2012) . Coriander is susceptible to several bacterial and fungal pathogens such as Pseudomonas syringae and Fusarium oxysporum (Singh, 2006) . In a conventional breeding program, the introduction of new traits is restricted due to reproductive barriers and, furthermore, is hindered by the genetic make-up of populations (Gosal et al., 2010) . To address these limitations, a protoplast-based somatic hybridization approach could be used to efficiently overcome sexual incompatibility. In addition, somatic hybrydization enables direct transfer of nuclear and cytoplasmic genomic matters into recipient plant cells (Grosser and Gmitter-Jr, 2011 ). Other problems associated with sexual re-346 production are albinism, hybrid vigor, and sterility, which frequently occur during the development of interspecific hybrids (Eeckhaut et al., 2006) . Embryogenic cultures/somatic embryos can play an important alternative role in molecular breeding (Singh and Chaturvedi, 2013) . Moreover, the plastic nature of differentiated plant cells ensures dedifferentiation and multiple functions during developmental programming (Ondrej et al., 2009 ). Davey and coworkers (2005) observed that the process of dedifferentiation is a developmental change (under in vitro conditions), which makes progenitor cell sources for plant regeneration. Protoplasts obtain pluripotency, which is an ability to dedifferentiate into other cell types, after the removal of the cell wall land demonstrate chromatin remodeling and transcriptional changes (Xiao et al., 2012) . However, Faraco and coworkers (2011) reported that the pluripotent protoplast does not necessarily exhibit plant regeneration because it primarily depends on the source of protoplasts. In somatic hybridization, the development of protoplast is a key step, and it can be obtained from a variety of differentiated young and non-stressed tissues/cells from, for example, leaf mesophyll and roots that can divide and produce cell colonies and then grow into plants (Horii and Marubashi, 2005; Eeckhaut and Van-Huylenbroeck, 2011) . Protoplasts have several advantages in investigating plant cell lines, differentiation, dedifferentiation, stem-ness, and pluripotency (Grafi, 2004) . Protoplasts are a preferred recipient target source for genetic manipulation in the uptake of foreign DNA, including organelles; moreover, they are used for developing genetic diversity by facilitating somatic hybridization (Davey et al., 2005) . There are successful reports on the isolation of viable protoplasts and plant regeneration from diverse tissue sources such as hypocotyls, leaf mesophyll cells, cotyledons, and embryogenic cell suspensions (Kim et al., 2003; Yang et al., 2007) . The embryogenic cell suspension has been shown to be very responsive and an efficient source of regenerative protoplasts (Jalil et al., 2003) , thereby producing dividing cells at a reasonable rate (Shrestha et al., 2007) . Grzebelus and coworkers (2012) described an efficient protoplast isolation and plant regeneration method from leaf and hypocotyl explants by using a 1% cellulase Onozuka R-10 and 0.1% pectolyase Y23 digestive enzyme mixture in carrot -a close relative of the coriander and a member of the Apiaceae family. Further, a successful plant regeneration was obtained from isolated protoplasts in other cultivated and wild species of Daucas wherein the incidence of somatic embryogenesis was first reported (Mackawska et al., 2014) . The hypocotyl-derived embryogenic callus was recently used for protoplast isolation in a local variety of coriander (Mujib et al., 2014) . A similar use of embryogenic callus or embryos has proved to be essential in obtaining protoplasts prior to somatic hybridization (Prange et al., 2010) . The technique of protoplast isolation, culture, and plant regeneration is, however, seemingly complex and influenced by a variety of factors such as enzymatic mixtures, the culture medium, osmoticum, the nitrogen source, and the culture technique or the protocol (Davey et al., 2005) . Therefore, it is necessary to study the factors that influence the protoplast-isolation technique to be used in various areas of biotechnology. A number of researchers (Pongchawee et al., 2006; Rizkalla et al., 2007) are of the view that each plant has its own requirement of specific optimal conditions for protoplast isolation and regeneration. Beside its application on somatic hybrids, the conditions of an in vitro culture can cause a physiological stress in cultivated protoplasts, produce genetic alterations such as chromosomal rearrangements and polyploidization, often termed protoclonal variation (Larkin and Scowcroft, 1981) . Interestingly, some of the changes are potentially beneficial for improving crops (Gao et al., 2009 ).
The two coriander varieties under investigation have some unique traits. RS is a medium-sized, aromatic coriander variety that is rich inessential oils compared to Co-1. Moreover, it is resistant to stem gall and moderately resistant to wilt, gives an estimated yield of 13 quintal per hectare, and, therefore,is beneficial to commercial growers (Malhotra and Vashishtha, 2008; Farooq et al., 2017) . On the otherhand, Co-1 is a dwarf high-yield variety, showing more globular seeds (Ciju, 2015) . Therefore, it is essential to establish a coriander plant with the combined best agronomic traits of the two varieties.
In the present investigation, the primary objective was to establish a protoplast-isolation method for the Co-1 and RS coriander varieties that could be used in future somatic hybridization programs. In addition, the current study undertook to evaluate the effect of enzymatic mixture combinations, the use of plant growth regulators (PGRs) in isolation, and the stages of development in plant regeneration. Furthermore, we aimed to 347 investigate and describe the somatic embryogenesis mode of regeneration.
Materials and methods

Seed germination and culture conditions
Coriander seeds were obtained from the National Research Centre for Seed Spices, Ajmer, Rajasthan, India. These seeds were disinfected with 0.2% (w/v) HgCl 2 for 2 minutes, rinsed 3-4 times with distilled water, and then placed on a half-strength (1/2) MS (Murashige and Skoog, 1962 ) medium without PGRs for germination. In addition, the medium contained 30 g/l sugar and 0.8 g/l agar. The medium pH was adjusted to 5.6 by using 1N NaOH and 1N HCl, the media were sterilized in an autoclave at 121EC for 15 minutes. All reagents were prepared by using Milli-Q water produced by a Milli-Q system (Billerica, MA, USA). The cultures were incubated at 25 ± 2EC under a 16-hour photoperiod that was provided by coolwhite fluorescent lamps (100 mol m 
Embryogenic callus induction and somatic embryogenesis
The cotyledon explants from in vitro germinated seedlings were cultured on 2,4-dichlorophenoxy acetic acid (2,4-D; 0.5, 1, and 2 mg/l) and BA (0.2 mg/l) -amended MS medium for callus formation. Within a few days, the callus was formed from the cut ends of explants and grew profusely. After 4 weeks of culture, the callus was transferred to various concentrations of 2,4-D (0.5!2 mg/l) for further growth. Immediately after transfer, the callus turned into granular embryogenic tissues that then began to differentiate into a number of embryos.
Suspension culture establishment from embryogenic callus
The embryogenic cell suspension was established by incubating a 4-to 5-week-old friable embryogenic callus in MS liquid medium containing the same level of PGRs -that is, 1 mg/l 2,4-D and 0.2 mg/l BA. The conical flasks were kept on a rotary shaker (80 rpm) and incubated in a culture room at 25 ± 2EC under a 16-hour light period that was generated by cool-white fluorescent lamps (100 mol m 
Isolation of protoplast and enzyme mixture solutions
Protoplasts were prepared from an embryogenic suspension (4 days old; 1 g fresh weight). The liquid medium was replaced by 10 ml enzymatic mixture and was placed in the dark overnight on a rotary shaker for gentle agitation (50 rpm). The enzyme mixture of cellulase Onozuka R-10 (2%), pectinase (1%), and macerozyme R-10 (0.2%) in combination with two osmotic systems -sorbitol and mannitol -at 0.6 M with 5 mM CaCl 2 @ 2H 2 O were used separately to optimize the osmotic conditions. All enzymes were procured from Sigma-Aldrich, USA, and the enzymes were filter sterilized through a 0.45-μm Millipore filter prior to use. The mixture was incubated on a rotary shaker under the same light and temperature conditionsas for obtaining protoplasts.The digested cells were filtered through a stainless steel mesh (100 μm) under aseptic conditions and the filtrate was centrifuged at 100 × g for 10 minutes. The pellet of protoplasts was washed twice with a washing solution (0.6 M sorbitol, 5 mM CaCl 2 @ 2H 2 O, pH 5.8) to remove all traces of the enzymatic solution. The yield of protoplasts was determined by counting the number of protoplasts using a hemocytometer, and viability was assessed by Evan's blue (0.04%) stain according to the Wiszniewska and Piwowarczyk method (2014) .
Protoplast division and microcalli/calli formation
Two levels of protoplast density, 1 × 10 5 and 2 × 10 5 protoplasts/ml were used in the liquid MS amended separately with 2,4-D (0.2 and 0.5 mg/l) and 0.2 mg/l BA, and NAA (0.2 and 0.5 mg/l) and 0.2 mg/l BA for protoplast division. Both cell division and colony formation were monitored after the protoplast incubation; plating efficiency (PE) was calculated after 2 weeks of incubation.
The PE was calculated by using the formula: PE = Number of dividing colonies per field × 100
Number of live protoplasts at plating
After the division of protoplasts, aliquots containing small cell aggregates were poured onto a solid MS medium supplemented with 0.5 mg/l 2,4-D for the formation of micro-colonies. The micro-callus/calli of the two different varieties of coriander (Co-1and RS) were later sub-cultured on MS supplemented with 0.5, 1, 1.5, and 2 mg/l 2,4-D separately for the differentiation of somatic embryos. The embryos were formed in variable numbers that were counted.
Somatic embryo germination and development of plantlets
The embryos progressed well and mature somatic embryos were selected and cultured on MS medium supplemented with various concentrations of BA (0.5, 1, and 1.5 mg/l) and GA 3 (0.25 and 5 mg/l) for the development of plants. The germination frequency of embryos from two different coriander varieties (Co-1and RS) was noted and tabulated.
Statistical analysis
For callus induction, 30 cotyledon explants were inoculated in each treatment, which was replicated thrice. The data on the frequency of response and the numbers of somatic embryos induced per 0.5 g callus were recorded after 4 weeks of culture by using six test tubes per treatment. The protoplast isolation, culture, and all other treatments were carried out in three replicates each. Data are presented as mean and standard deviation (mean ± SD). The significance of differences among the means was carried out using Duncan's Multiple Range Test (DMRT; Duncan, 1995) at P = 0.05.
Results
Callus induction and somatic embryogenesis
Two coriander varieties (Co-1 and RS) were selected for this investigation, and cotyledons of in vitro germinated seedlings were used as explants. The callus was induced profusely from cotyledons on a variety of PGRamended MS medium; herein, 0.5 mg/l 2,4-D showed a good frequency of callus induction in both of the tested varieties (53.6% and 51.3%, respectively). The callus induction frequency increased on the medium supplemented with 0.5 mg/l 2,4-D and 0.2 mg/l BA, and showed a maximum frequency of 61.6% and 59.3% in the Co-1 and RS varieties, respectively (Table 1) . However, the callus induction frequency decreased with increase in 2,4-D levels. The callus was a soft and white tissue, and it appeared from the excised section of explants. The nature and color of the callus changed on the basis of PGR use, their concentrations, and incubation period. The callus grew well with a high callus biomass fresh weight (with 0.65 g and 0.6 g in Co-1 and RS, respectively) on 0.5 mg/l 2,4-D and 0.2 mg/l BA amended medium. Within approximately 4 weeks, the cotyledon-calli transformed into embryogenic calli, characterized by a compact granular appearance.
On this granular embryogenic callus, somatic embryos started to differentiate at variable numbers. The 1 mg/l 2,4-D-amended MS medium showed a maximum embryogenic induction frequency (53%), with the highest number of embryos in Co-1 (37.7 embryos/0.5 g of callus). In RS, the embryo-forming ability was even better -exhibiting 58% embryogenic frequency with 41.6 mean number of embryos/ culture (Table 2) .
Enzyme mixture and protoplast yield
The embryogenic suspension was established from a friable embryogenic callus in 1 mg/l 2,4-D-and 0.2 mg/l BA-supplemented liquid MS medium (Fig. 1A) . A 4-dayold suspension was used for the protoplast-isolation study. The effect of cellulase, pectinase, and macerozyme enzymes in two treatments with different osmotic stabilizers (sorbitol and mannitol) on the protoplast yield and viability was studied. The enzyme combination with the added mannitol (0.6 M) osmoticum yielded good numbers of protoplasts, both in Co-1 (4.84 × 10 6 ) and RS (4.60 × 10 6 ), and had good viability (i.e. 93.8% and 90%, respectively) when compared to sorbitol as an osmotic stabilizer. The viable protoplasts were round or nearly round in structure without shrinkage. The influence of osmoticum and enzyme solutions on protoplast yield and viability is shown in Table 3 .
Protoplast division and regeneration
The viable protoplasts were cultured in a liquid MS medium amended with different concentrations of NAA, 2,4-D, and BA for protoplast division. Among the two protoplast densities used, we noted that a higher protoplast density (2 × 10 5 protoplasts/ml) had greater effectiveness in producing a fast division of protoplasts (Fig. 1D) , whereas a lower protoplast density (1 × 10 5 protoplasts/ml) yielded no response. The protoplasts divided satisfactorily in a liquid medium; supplementation with 0.2 mg/l each of NAA and BA generated a higher PE (6.2% and 5.4% in Co-1 and RS, respectively) compared to the 0.2 mg/l 2,4-D-and 0.2 mg/l BA-amended MS medium (5.5% and 5% in Co-1 and RS, respectively; Fig. 1E and Fig. 2) . The protoplast-derived microcalli grew well on a solid MS medium and formed whitish yellow callus on 2,4-D-amended MS medium (Fig. 1F) . Within 3-4 weeks, the protoplast-derived calli developed into an embryogenic callus that was very similar to the cotyledon-induced embryogenic callus.
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Somatic embryo induction from protoplast-callus
Similarly as did the cotyledonary embryogenic callus, the protoplast callus started to differentiate a variable number of somatic embryos within 4 weeks of incubation. The 1 mg/l 2,4-D-amended MS medium was noted to be very productive and induced more embryos (i.e. 47 embryos/culture in Co-1 and 53.5 embryos/culture in RS; Fig. 3 ).The embryos originated at the upper surface of the callus and were non-synchronous. Various embryos at different stages of development are shown in Figure 1G and Figure 1H . The cotyledonary embryos were green and were isolated and placed on media with other PGR combinations and concentrations for obtaining plants, because the development of somatic embryos was slow in the 2,4-D-amended medium and was limited to the early embryo stage.
The well-developed cotyledonary somatic embryos were later transferred to the BA-and GA 3 -amended medium for embryo germination. In these media treatments, the embryos produced green leafy shoots (Fig. 1I) and maximal regeneration was noted in the 1 mg/l BA and 0.5 mg/l GA 3 -supplemented medium -with a regeneration frequency of 81.0% and 88.7% in Co-1 and RS, respectively. Furthermore, other BA and GA 3 levels were noted to be very efficient in producing plantlets from embryos. The effects of BA and GA 3 treatments are summarized in Table 4 . The protoplast-regenerated plants were morphologically similar to the parent stock; no apparent phenotypic alteration was noted. The whole protocol took approximately 4-5 months to obtain plants that grew naturally in outdoor conditions. 
Discussion
In this study, we developed an efficient protoplast isolation, culture, and plant regeneration protocol via somatic embryogenesis in two coriander varieties. We used the embryogenic cell suspension as a source of protoplast, similarly as in other studies Mehpara et al., 2012) . Cell suspensions have been reported widely to be a good source material for the successful isolation of protoplasts in several of the investigated plant genera (Masani et al., 2013) . In order to 2 . PE of the Co-1-and RS-derived protoplasts, cultured at different concentrations of NAA, 2,4-D, and BA, seen after 2-week incubation of protoplasts at a density of 2 × 10 5 /ml; mean values followed by different letters are significantly different (at P = 0.05) according to DMRT Fig. 3 . Number of somatic embryos formed per 500 mg protoplast generated embryogenic callus in Co-1 and RS; mean values followed by different letters are significantly different (at P = 0.05) according to DMRT sustain the structure and function of protoplasts, protoplasts are released from cells through treatment with cell wall-degrading enzyme solutions and osmotic stabilizers .The use of cell wall-degradation enzymes have made it possible to isolate viable protoplasts in large numbers for experimental purposes (Duquenne et al., 2007) . In our study, overnight incubation in enzyme solution was found to be optimal for the isolation of viable protoplasts. Because protoplasts are fragile and sensitive to enzyme digestion, prolonged incubation in the enzyme solution leads to protoplast breakage and dysfunction although the yield is often high (Tudses et al., 2014) . Navratilova and coworkers (2000) observed that the culture-induced damage could be minimized by modifying enzyme treatments or reducing the exposure time to enzyme solution. Moreover, Chamani and coworkers (2012) noted that appropriate enzyme treatment and incubation time are crucial for obtaining viable protoplasts when working on diverse tissues of different plant species. In a conventional optimization process, one parameter is altered at a time, keeping the other variables constant; this enables assessment of the performance of a specific treatment . In this investigation, we noted that 2% cellulose Onozuka R-10, 1% pectinase, and 0.2% macerozyme R-10 were the most appropriate enzyme concentrations, with mannitol as the osmoticum for the highest yield and viability that was obtained for the coriander protoplasts. The same enzyme combination treatment was proved to be efficient for the production of the maximum yield of protoplasts in several plant genera that were investigated (Mehpara et al., 2012) . Rastogi (2003) reported that an elevated hydrolytic enzyme level enhanced the number of protoplasts by facilitating the formation of a higher number of enzyme-substrate complexes. A higher enzyme level was noted to negatively influence the protoplast yield and viability because the pectinase and cellulase enzymes over-digest protoplasts (Raiker et al., 2008) . The osmotic conditions of the media are critically important, and several osmotic compounds such as mannitol, sorbitol, glucose, or sucrose are frequently added to the enzyme mixtures and noted to be very effective in a number of studies (Navratilova, 2004) . In the present study, the use of 0.6 M mannitol showed the highest viability (85.84%) -significantly higher than with the use of 0.6 M sorbitol. As mannitol had a better influence, this osmotic element was identified as an ideal osmotic treatment for achieving the maximum yield and viable protoplasts in coriander. In general, protoplasts are more stable in a slightly hypotonic environment as compared to the isotonic solution, and appropriate osmotic bathing has been noted to prevent protoplasts from bursting and shrinking (Duquenne et al., 2007; Zhang et al., 2011) . The efficiency of protoplast isolation and regeneration depends on many factors, including the genotype, inoculation density, culture system, and medium composition (Prange et al., 2010; Tiwari et al., 2010) . Protoplasts were cultured in a liquid MS medium at a density of 1 × 10 5 and 2 × 10 5 protoplasts m/l, and the division of protoplasts took place at the optimal density of 2 × 10 5 protoplasts m/l. With this density, cell colonies were produced from individual protoplasts that grew steadily in the culture. Therefore, the density of protoplasts is important because it influences the initiation of cell division, as reported earlier (Hahne et al., 1990) . Davey and coworkers (2000) observed that mitotic divisions and a rapid cell wall synthesis in the early phases of culture are crucial in the successful development of "protoplast-to-plant" recovery systems. Furthermore, the plating density of protoplasts has an important role in potential cell division and the subsequent colony formation (Davey et al., 2005) . The nutritional components used in most culture media are insufficient to induce divisions in protoplasts plated at a lower density. In this study, the division of protoplast was high in a liquid medium, similar to that reported in several other studies (Tahami et al., 2014) , where the division of protoplasts was noted to be more vigorous in a liquid medium. In a solid medium, the toxic compounds released from dying neighboring protoplasts may accumulate and inhibit the division of other living protoplasts; moreover, in a liquid medium, the accumulation of these toxic compounds may be prevented or diluted (Duquenne et al., 2007) . Davey and coworkers (2005) reported that PGRs, such as auxins and cytokinins play a central role in efficient protoplast division; however, the concentrations and combinations need optimization at each step of protoplast development. In our study, various PGRs such as 2,4-D, NAA, and BA were tested, of which the combinations of 2,4-D and BA at a high concentration influenced protoplast division, which is consistent with earlier observations noted in Allium cepa (Karim and Adachi, 1997; Pongchawee et al., 2006) . In the present study, the cell division, cell wall regeneration, and callus formation were efficiently accomplished in the PGR-supplemented medium. The other PGRs, such as BA with NAA, increased the PE; this observation is in agreement with the earlier study of Assani and coworkers (2001) . Auxins are particularly involved in cell division and callus formation, and these compounds play an important role in the acquisition of embryos (Zhang et al., 2010; Devi and Narmathabai, 2011; Palmer and Keller, 2011; Ma et al., 2011) . The persistence of 2,4-D, however, blocks embryo development and, therefore, a transfer of embryos to other PGR treatments has been suggested for its further development (Junaid et al., 2006) . Vookova and coworkers (2010) reported that the selection of PGRs and their concentrations are essential in the optimization of a maturation medium. Following maturation, a successful and fast germination of somatic embryos is another crucial step in obtaining plantlets (Devi and Narmathabai, 2011) . In our study, mature somatic embryos germinated fast in a GA 3 and BA amended MS medium, similarly to that in other studies (Ali et al., 2010) . Nakano and coworkers (2005) reported the enhanced conversion of plantlets from somatic embryos at a lower BA concentration. Furthermore, additional changes in the germination medium increased the germination frequency of somatic embryos, which matured under suboptimal conditions (Stasolla and Yeung, 2003) . The induction of somatic embryos on a protoplastderived callus has previously been reported in several studies (Tomiczak et al., 2015) . In addition, plants were regenerated from a protoplast-callus by following the organogenic pathway in other studies (Rezazadeh and Niedz, 2015) . In embryo-obtained plants, the differentiation of shoot-and root-apical meristem is unique and is often true-to type (Stasolla and Yeung, 2003) . Here, the embryo-regenerated plants were morphologically similar to parent plants. The established protoplast-isolation protocol of the two varieties could be very efficient for obtaining somatic hybrids in coriander.
Conclusions
An efficient protoplast-isolation protocol has been developed from an embryogenic suspension in two coriander varieties that reproducibly showed plant regeneration. The yield and viability of protoplasts was highest in the cellulase Onozuka R-10 (2%), pectinase (1%), and macerozyme R-10 (0.2%)-treated combinations. The use of 0.6 M mannitol as osmoticum resulted in a good yield and viability of the protoplast. The successful isolation of protoplast and plant regeneration are key steps in somatic hybridization. The fast protoplast-isolation and plant regeneration method we established in Co-1 and RS may offer a future fusion possibility of transferring important genetic traits. The protocol developed in this study may be employed in closely and widely related coriander genotypes.
